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Abstract

Multiple Gram-negative bacteria encode Type Il secretion systems (T3SS) that
allow them to inject effector proteins directly into host cells to facilitate colonization.
To be secreted, effector proteins must be at least partially unfolded to pass through
the narrow needle-like channel (diameter < 2 nm) of the T3SS. Fusion of effector
proteins to tightly packed proteins—such as GFP, ubiquitin, or dihydrofolate
reductase (DHFR)—impairs secretion and results in obstruction of the T3SS. Prior
observation that unfolding can become rate limiting for secretion has led to the
model that T3SS effector proteins have low thermodynamic stability, facilitating
their secretion. Here, we first show that the unfolding free energy (AG.,,,,) of two

Salmonella effector proteins, SptP and SopE2, are 6.9 and 6.0 kcal/mol

respectively, typical for globular proteins and similar to published AG ., for GFP,

ubiquitin, and DHFR. Next, we mechanically unfolded individual SptP and SopE2
molecules by AFM-based force spectroscopy. SptP and SopE2 unfolded at low
force (Funfold < 17 pN @ 100 nm/s), making them among the most mechanically
labile proteins studied to date by AFM. Moreover, their mechanical compliance is
large, as measured by the distance to the transition state (Ax* = 1.6 and 1.5 nm
for SptP and SopE2, respectively). In contrast, prior measurements of GFP,
ubiquitin, and DHFR show them to be mechanically robust (Funfold > 80 pN) and
brittle (Ax* < 0.4 nm). These results suggest that effector protein unfolding by T3SS
is @ mechanical process and that mechanical lability facilitates efficient effector
protein secretion.

Significance Statement

The Type lll secretion system (T3SS) is an important virulence factor that enables
some bacteria to directly inject effector proteins into host cells, facilitating
colonization. To be secreted, effector proteins must be unfolded, and tightly
packed proteins like GFP cannot be secreted through the T3SS, leading to the
model that effector proteins have low thermodynamic stability. We show that two
model effector proteins have thermodynamic stabilities similar to tightly packed
proteins (GFP, ubiquitin), but are much more mechanically labile. These results
strongly suggest that mechanical stability predicts whether a protein is compatible
with secretion through the T3SS and may shed light on the distinct evolutionary
pressures that resulted in the sequence divergence of effector proteins from their
non-secreted homologues.



Type 11 secretion systems (T3SS) are large nanomachines utilized by both pathogenic and
symbiotic bacteria to inject effector proteins directly into the cytoplasm of host cells (1-3).
Once delivered, effector proteins facilitate host cell colonization through a variety of
mechanisms (4-7), including downregulation of the host immune response (8) and
rearrangement of the cytoskeleton (9, 10). The T3SS apparatus, known as the injectisome,
is a syringe-like structure with a hollow needle that spans the inner and outer bacterial
membranes, the extracellular space, and the host membrane, enabling proteins to pass
directly from bacteria to host cells (Fig. 14) (2). Specialized bacterial chaperones often
bind the N-terminal 50-100 amino acids of the effector proteins, known as the chaperone
binding domain, and help maintain the effector N-terminal domain in an extended
conformation. C-terminal to the chaperone binding domain, effector proteins contain one
or more globular domains, which adopt their folded conformations even when in complex
with their cognate chaperone (4, 11, 12). The effector proteins, or their chaperone
complexes, are recognized by the base of the injectisome prior to secretion (13). At its
narrowest point, the injectisome needle’s inner diameter is less than 2 nm (14-16). As a
result, effector proteins must be mostly unfolded to be secreted (17-20). Secretion is thus
thought to proceed by a “threading the needle mechanism”, where the N-terminal extended
domain is released from the chaperone and fed to the injectisome, followed by unfolding
of the C-terminal effector domain (21).

Before proteins are secreted through the T3SS, they interact with a hexameric ATPase
at the base of the T3SS that is capable of mediating chaperone release from effector
proteins and effector-proteins unfolding (15, 22). Indeed, most in vivo unfolding is
catalyzed by unfoldases that work from one end of the substrate protein in stark contrast to
the global effects of temperature, pH, or chemical denaturants. The most common
examples of targeted protein unfolding are catalyzed by ATPases of the AAA(+) family
that mechanically unfold their substrates (23, 24). For example, the AAA(+) ATPase ClpX
forms a ring-shaped hexamer that mechanically pulls its substrates through its narrow
central pore to unfold them (25). These are powerful unfoldases that can unfold even tightly
packed proteins such as GFP, ubiquitin, and dihydrofolate reductase (DHFR) (23, 24, 26,
27). However, the T3SS ATPase does not belong to the AAA(+) family of ATPases.
Instead, it is structurally similar to the catalytic -subunit of the FiFo ATP synthase, a rotary
motor that normally couples proton gradient dissipation to ATP synthesis but can also run
in reverse and hydrolyze ATP to do work (15, 28-30). The T3SS ATPase is not as powerful
an unfoldase as the AAA(+) family, as fusions of effector proteins with GFP, ubiquitin, or
DHEFR stall in the injectisome and are poorly secreted (20, 22, 31, 32). These observations
have led to the current model that T3SS effector proteins have low thermodynamic stability
to facilitate their secretion (22, 31-33).

While thermodynamic stability is the most common metric of protein stability,
mechanical stability is a distinct metric that quantifies how easily a protein unfolds under



force (Funfold). Mechanical stability is typically measured by pulling across the N-and C-
termini of single molecules via force spectroscopy using optical tweezers (34, 35) or an
atomic force microscope (AFM) (36). Early force spectroscopy studies showed that
thermodynamic stability does not correlate with mechanical stability (37-41). For example,
titin’s 128 domain requires ~20% more force to unfold than titin’s 127 domain [I85 and 191
respectively in the new nomenclature (42)], despite [27 having ~2-fold higher
thermodynamic stability (43). Importantly, AFM studies have shown that GFP (44),
ubiquitin (45), and DHFR (46) are mechanically robust, requiring high forces to unfold
despite their typical thermodynamic stabilities. These three proteins each stall the T3SS;
thus, mechanical stability may be the physical determinant to proteins being secreted by
the T3SS, rather than thermodynamic stability.

Here, we determine the thermodynamic and mechanical stabilities of SptP and SopE2,
two effector proteins from Salmonella enterica. These effectors are ideal candidates for
this study as they have known crystal structures (10, 47), have characterized in vivo
secretion kinetics (48), and represent effector proteins of different size and structure (Fig.
1B). We show that the catalytic domains of SptP and SopE2 have unremarkable
thermodynamic stabilities, similar to many other previously characterized proteins,
including GFP, ubiquitin, and DHFR. Conversely, our AFM-based force spectroscopy
measurements demonstrate that SptP and SopE2 are among the most mechanically labile
proteins studied to date by AFM. These two T3SS effector proteins are therefore
mechanically labile while being thermodynamically stable, supporting the hypothesis that
it is mechanical stability, not thermodynamic stability, that predicts efficient protein
secretion by the T3SS.

Results

Thermodynamic stability of SptP and SopE2 catalytic domains

For effector proteins to be secreted through the narrow T3SS needle, they must first be
unfolded. However, the injectisome cannot unfold tightly packed proteins such as GFP,
ubiquitin, or DHFR, which block secretion (20, 22, 31, 32). The current model suggests
that effector proteins have low thermodynamic stabilities to facilitate their unfolding and
subsequent secretion. To test this model, we focused on Salmonella typhimurium SptP and
SopE2. These well-characterized effectors consist of N-terminal chaperone binding
domains, generally thought to be unstructured (17), followed by well-folded catalytic
domains whose crystal structures have been determined (10, 47) (Fig. 1B). To characterize
their unfolding energetics, we expressed the folded catalytic domains of SptP (SptPcp,
residues 161-543) and SopE2 (SopE2cp, residues 69-240) and measured their
thermodynamic stability by collecting far-UV circular dichroism (CD) spectra at various
concentrations of urea (Fig. 10).



Far-UV CD spectra of purified SptPcp and SopE2cp recorded at 25 °C were consistent
with well-folded proteins. Next, we screened for conditions to achieve reversible urea-
induced unfolding of the proteins so that thermodynamic parameters could be extracted.
As shown in Fig. S1 (SI Appendix), SptPcp was reversibly unfolded by urea in 10 mM Tris,
pH 8.0, 150 mM sodium sulfate, and 0.5 mM TCEP, while SopE2cp was reversibly
unfolded by urea in 25 mM HEPES, pH 7.2, 150 mM NaCl, and 0.5 mM TCEP.

Under reversible unfolding conditions, we measured the ellipticity at A = 222 nm of
SptPcp and SopE2c¢p as a function of urea concentration (Fig. 1C). To extract the standard
change in free energy of unfolding (AG?

n

wq )» the data was fit to a two-state model and

linearly extrapolated to zero denaturant concentration, as described by Clarke and Fersht
(49). For SptP, AG? .= 6.9 + 0.2 kcal/mol (mean = fit error), m = 3.7 kcal-mol'-M" and

Cm= 1.9 M, where m is the dependence of AG. ., on denaturant concentration, and Cm is

the concentration of denaturant at the equilibrium unfolding midpoint (see Eq. 1 in
Materials and Methods for more details). For SopE2, AG?
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for globular proteins [ AG., ., = 7.0 = 2.9 kcal/mol (mean + SD) for a representative set of

23 proteins compiled by Robertson and Murphy (50)]. Therefore, SptPcp and SopE2cp are
not characterized by low thermodynamic stability

High-precision single-molecule assay shows SptP and SopE2 are mechanically labile

Given the typical thermodynamic stabilities of SptPcp and SopE2cp, we next investigated
their mechanical stability to test if a protein’s mechanical properties might correlate with
their propensity to be secreted through the T3SS. We measured the mechanical stability of
SptPcp and SopE2cp by unfolding individual molecules using AFM-based single-molecule
force spectroscopy. Preliminary experiments demonstrated that both SptPcp and SopE2cp
unfolded at low force. We therefore adopted an assay developed to measure the unfolding
of mechanically labile proteins (51). We enhanced the assay by implementing a polyprotein
with genetically encoded labels (52) to facilitate attachment and integrating focused-ion-
beam-modified cantilevers for greater precision and temporal resolution (53, 54). The
polyprotein (Fig. 24) is composed of: (i) an N-terminal ybbR tag (55) for covalent
attachment to a coenzyme A (CoA)-derivatized, PEG-functionalized glass coverslip; (ii) a
well-characterized “marker” domain-the 4" domain of the F-actin cross-linking filamin
rod of Dictostelium discoideum (ddFLN4)-which has a distinctive two-step unfolding
pattern (56) that facilitates screening for single-molecule attachment; (iii) the protein of
interest (SptPcp or SopE2cp); and (iv) a dockerin domain for strong but reversible
attachment to a cohesin-coated, PEG-functionalized AFM tip, yielding ~3-fold higher
rupture force than streptavidin-biotin (52). The resulting assay thus featured site-specific,



covalent conjugation of the polyprotein to a PEG-coated glass coverslip and a strong, but
reversible, site-specific attachment to a PEG-coated cantilever (Fig. 24).

The assay was initiated by gently pressing the cohesin-functionalized cantilever into the
surface for a brief period (0.1 s) and then retracting the cantilever at a fixed velocity (v).
Importantly, the PEG-coating suppressed non-specific adhesion between the tip and the
surface that often obscures low-force unfolding events. In ~10% of the retractions, the
resulting force-extension curves were consistent with stretching a single molecule, for both
the SptPcp and SopE2cp polyprotein construct (Fig. 2B,C). The rapid force drops
correspond to the unfolding of individual protein domains or portions of a domain,
followed by an increase in tension as the unfolded polypeptide segment was further
stretched by cantilever retraction. We color coded the force-extension curves by the next
domain to unfold, so the pair of rapid force drops in gray corresponds to the unfolding of
ddFLN4 and the orange and green segments corresponds to the initial unfolding of SptPcp
and SopE2cp (Fig. 2B,C respectively). For both SptPcp and SopE2cp, their initial unfolding
at low extension were well resolved and the traces showed minimal tip-surface adhesion
[Fig. 2B,C (inset)].

To verify the assignment of this first force drop at low extension to the initial unfolding
of SptPcp and SopE2cp, we analyzed individual segments of the force-extension curves by
fitting them to a worm-like chain model (36) (Fig. 2B,C dashed lines). Each such segment
corresponds to pulling on an unstructured polypeptide of a fixed number of amino acids,
allowing us to determine the change in contour length (ALo) between unfolding peaks (57).
ALo should match the expected difference in length between the known 3D structure and
the unfolded polypeptide, based on number of amino acids (aa) unfolded and the distance
between amino acids [0.36 nm/aa (58)]. This analysis yielded 129 = 1 nm (mean = SEM;
N =178) and 57.8 £ 0.4 nm (N = 234) for SptPcp and SopE2cp respectively), in good
agreement the expected values of 133 and 57.4 nm, respectively). Both SptPcp and
SopE2cp unfolded at low force [16.5 + 1.8 pN (mean + SEM; N= 31 at 100 nm/s) and 12.6
+ 0.7 pN (N = 25)] despite their differences in size and structure (10, 47, 59, 60).

Quantifying the mechanical stability and compliance of SptP and SopE2

To characterize the mechanical properties of SptPco and SopE2cp, we measured their
initial unfolding forces over a broad range of retraction velocities, yielding their dynamic
force spectra. To do so, the cantilever was retracted at five different pulling velocities (100—
3200 nm/s). The mean unfolding force for each protein was computed from a minimum of
20 traces at each velocity and showed a linear relation when plotted as a function of the
logarithm of the loading rate (0F/0f), in agreement with the Bell-Evans model (61) (Fig.
2D). Fitting each dynamic force spectrum to the Bell-Evan model yielded the distance to
the transition state (Ax*), a measure of mechanical compliance characterizing how much a
protein deforms along the stretching axis before unfolding. For SptPcp and SopE2cp, the



resulting values were Ax* = 1.6 + 0.4 nm (mean = fitting error) and 1.4 £ 0.2 nm
respectively. In contrast, Ax* for many proteins characterized by force spectroscopy range
from 0.3-0.6 nm, as compiled by Hoffman et al. (59). Thus, SptP and SopE2 are among
the most mechanically compliant proteins characterized to date by AFM.

Discussion
Implications for Type III Secretion

Tightly packed proteins, such as GFP, ubiquitin, and DHFR cannot be easily unfolded by
the T3SS, impairing or blocking their secretion (20, 22, 28, 31). This indicates that protein
unfolding can be the rate limiting step in secretion through the T3SS. The current model
used to explain these results proposes that effector proteins are less thermodynamically
stable than the proteins that inhibit secretion. Consistent with this model, previous studies

with the effector protein AvrPto showed a AG),,, of unfolding as low as 1.0 kcal/mol at

pH 6.1, corresponding to a large population of unfolded protein in aqueous solution (62).
With such a low thermodynamic stability, a large fraction of protein is ready for secretion
without the need to be actively unfolded. However, other effector proteins were found to
have higher, more typical thermodynamic stabilities. Studies of YopH and the catalytic
domain of YopE found thermodynamic stabilities of 6—7 kcal/mol (11, 63), suggesting that
the effector would need to be actively unfolded for efficient secretion.

Our measurements show that SptPcp and SopE2cp have thermodynamic stabilities of
6.9 £+ 0.2 kcal/mol (mean = fit error) and 6.0 = 0.2 kcal/mol, respectively. These values are
similar to the thermodynamic stabilities for GFP, ubiquitin, and DHFR found in the

literature (AG. ., = 7.3, 6.0, and 5.9 kcal/mol, respectively) (64-66), which are proteins
that cannot be efficiently secreted. When comparing AG., ., for these effector proteins to

a broader set of proteins compiled by Robertson and Murphy (50), we observe that
thermodynamic stabilities of SptPcp and SopE2cp are quite typical (Fig. 34) (see Table 1
for a full list of proteins). Also notable, there is little correlation between secondary
structure content or fold topology and thermodynamic stability (Fig. 34). Hence,
thermodynamic stability does not explain why effector proteins can be unfolded and
secreted by the T3SS while GFP, ubiquitin and DHFR cannot.

In contrast to their typical thermodynamic stabilities, SptPcp and SopE2cp both
unfolded at low force [20.6 + 2.5 pN (mean + SEM) and 14.0 £ 0.5 pN respectively when
pulling at 400 nm/s] and thus are mechanically /abile. They also have large distances to the
transition state Ax* [1.6 + 0.4 nm (mean = fit error) and 1.4 + 0.2 nm respectively] and thus
are mechanically compliant. This is in stark contrast to the mechanical properties of the
proteins that cannot be unfolded by the T3SS. Previous studies have shown that GFP,
ubiquitin, and DHFR require much higher forces to unfold (116, 227, and 82 pN



respectively when pulling at 600 nm/s) and they are “brittle”, with short distances to the
transition state Ax* (0.28, 0.23, and 0.37 nm respectively) (44-46). Therefore, in contrast to
their thermodynamic stabilities, the mechanical properties of GFP, ubiquitin, DHFR,
SptPcp, and SopE2cp correlate with their ability to be unfolded and secreted by the T3SS.

The unusually low unfolding forces and large distances to the transition state displayed
by SptPcp, and SopE2cp are highlighted when compared to an array of previously
characterized proteins (Fig. 3B). Furthermore, the similarity in mechanical properties
between SptPcp, and SopE2cp is noteworthy, as SopE2cp is entirely a-helical while SptPcp
contains PB-sheets (Fig. 1B). In general, proteins structures of mixed o/ content have
exhibited lower compliance (Ax*) and higher unfolding forces than proteins with all a-
helical structures (Fig. 3B, orange vs. green), while proteins fully composed of B-sheets are
the most mechanically robust and unfold at the highest forces (Fig. 3B, purple).

A mechanistic consequence of effector proteins unfolding at very low force is that it
allows weak unfoldases, such as those associated with the T3SS (22), to unfold them.
Moreover, large mechanical compliance would also facilitate unfolding by weak
unfoldases. Within the Bell model (67), the rate of unfolding & is exponentially sensitive

to the value of Ax* [i.e., k(F)=k, exp(F Axi/ k,T ) where ko is the zero-force unfolding

rate]. Therefore, at any given force exerted by an unfoldase, compliant proteins (large Ax})
unfold more rapidly than brittle proteins (short Ax¥) given a fixed ko. This dependence of
k on Ax* likely underlies the hyperbolic-like shape of Ax*-vs-Funfola shown in Fig. 3B, a
dependence previously noted (59). Stated differently, a large mechanical compliance
facilitates protein unfolding because it allows unfoldases to apply force gradually over
larger distances (68). Interestingly, despite the vast diversity of proteins in Fig. 3B, we can
capture the shape of Ax*-vs-Funtoa plot using the Bell-Evans equation
Fp = (Ax* ks T) 'In[rAx*/(koksT)] (61) and two fixed parameters (» =200 pN/s and ko = 0.2
s!) where Fmp is the most probable unfolding force, k8T is the thermal energy, r is the
loading rate, and ko is the zero-force unfolding rate (Fig. 3B, dashed line). This observation
highlights the role of Ax* in governing mechanical stability of this diverse array of proteins
independent of any individual protein’s ko, its structural class (i.e., all a-helical or o/f
mixture) and the exact loading rate.

When taken together, the low unfolding force and large distance to the transition state
suggests that effector proteins have evolved specific structural elements that do not
interfere with their thermodynamic stability but make them highly susceptible to
mechanical unfolding. Interestingly, the amino acid sequences of effector proteins are
notoriously divergent from those of non-secreted homologs with similar structure (4, 69).
We propose that the unique evolutionary pressure to select for mechanical lability to
facilitate unfolding—while maintaining thermodynamic stability to ensure efficient
refolding in the host—underlies the sequence divergence observed in T3SS effectors.



In conclusion, our results strongly suggest that mechanical stability can predict whether
a protein is compatible with secretion through the T3SS. Secretion kinetics and mechanical
characterization of additional T3SS effector proteins are required to determine if
mechanical stability is always rate limiting for their secretion. SopE2 is secreted ~2-fold
faster than SptP in vivo (48). However, their mechanical stabilities (both the unfolding
force and their compliance) are similar. This suggests that once a protein is mechanically
labile enough to pass through the T3SS, other factors predominate in determining its
secretion kinetics. Such factors could be as simple as the size of the protein (SptP is ~2-
fold larger than SopE2) or may involve the complex interplay of chaperones with the T3SS
sorting complex.

Materials and Methods

Protein expression and purification. All proteins were overexpressed in E. Coli BL-21
(DE3) cells transformed with the appropriate plasmid. The following protocol was used for
the AFM polyproteins; details on the expression and purification of protein for CD
experiments can be found in the Supporting Information. Cells were grown in 1-L cultures
of Luria broth supplemented with kanamycin (50 pg/mL) and lactose auto-induction
mixture (0.6% v/v glycerol, 0.05% w/v glucose, and 0.2% w/v lactose) (70) overnight at
37 °C. Cells were harvested, lysed with an Emulsiflex C3 homogenizer, and protein was
purified using Ni-NTA beads (Qiagen). The eluted protein was further purified using a
Superdex 75 prep grade column equilibrated with AFM measurement buffer (25 mM
HEPES, pH 7.2, 150 mM NacCl, and 2 mM TCEP). Protein was aliquoted and snap-frozen
with liquid nitrogen and stored at -80 °C.

Circular dichroism measurement and analysis. Measurements were performed using a
quartz cuvette (Hellma) with a 1-mm path length on an Applied PhotoPhysics ChiraScan
Plus spectrophotometer. Measurement parameters: A = 212.5-260 nm; step size = 0.5 nm;
bandwidth = 1.0 nm; time per point = 0.5 s; and 3 repeats. The instrument was thoroughly
purged with nitrogen to prevent ozone formation. Temperature was held at 25 °C with a
Peltier sample holder and the temperature recorded using the temperature probe. Prior to
loading, samples were spun at 18,000 rcf for 5 min. We measured a control sample as
“blank” before every protein sample. Following this pair of measurements, the cuvette was
serially rinsed with several mL each of 10 M urea, urea free buffer, 1% cleaning solution
(Hellmanex), and ultrapure water. The cuvette was then filled with ultrapure water and a
CD spectra taken to ensure no protein adhered to the cuvette. The cuvette was then rinsed
with absolute ethanol and dried using filtered house air. This was repeated for every
concentration of urea.

We analyzed the CD data using Applied Photophysics software. First, the three
independent measurements were averaged. The subsequent spectrum was smoothed using
the Savitzky—Golay algorithm with a window size of 12 points. This smoothing was done



on both the protein-containing sample and the blank. We then subtracted the smoothed
blank spectrum from the smoothed protein-containing spectrum to give the final, baseline
corrected spectrum. After this analysis was done for all urea concentrations, the ellipicity
at A = 222 nm was plotted as a function of urea concentration. We then fit this plot with
Equation 1 to determine the free-energy of unfolding assuming a two state system which
accounts for sloping baselines (49)

Y- (afold + ﬂ[D]) + (afold * Punfold [D]) exp[(m[D] - AG:nfold ) / kT 1
B 1+ exp[(m[D] ~AG 04 ) [ kyT] @

where Y is the ellipticity; [D] is the concentration of urea; afld and frld are the intercept
and slope, which quantifies the sloping baseline of the folded state; aunfold and funfold are the
intercept and slope, which quantifies the sloping baseline of the unfolded state; m is the
dependence of the free energy on the denaturant concentration; and kg7 is thermal energy.
The fit was weighted by the standard deviation of each point where the data at each
concentration is an average of measurements from 3—5 independent experiments.

Functionalization of AFM cantilevers and surfaces. Focused-ion-beam modified
cantilevers with improved performance were made from commercial cantilevers (BioLever
Mini, Olympus) using established protocols (53, 71). Maleimide-functionalized AFM
cantilevers and glass coverslips were prepared as described previously (51). Briefly, FIB-
modified cantilevers and KOH-cleaned glass coverslips were UV-Ozone irradiated for 30
min prior to incubation with silane-PEG-maleimide reagent (PG2-MLSL-600, Nanocs,
Inc) (0.15 mg/mL in toluene) for 3 h. After rinsing, cantilevers and surfaces were
immediately reacted with CoA (1 mM in 50 mM sodium phosphate, pH 7.2, 50 mM NacCl,
and 10 mM EDTA) for 1 h at room temperature. After rinsing with ultrapure water,
covalent protein coupling was carried out via the ybbR-tag to the CoA by the enzyme Sfp
phosphopantetheinyl transferase (SFP) (55). To do so, aliquots of the cohesin and the
polyprotein, stored at -80°C (1-2 mg/mL), were individually thawed and diluted to 0.1—
0.5 uM in HEPES buffer (25 mM HEPES, pH 7.2, and 150 mM NaCl) before adding
MgClz and SFP to final concentrations of 10 mM and 3 pM respectively. These two protein
mixtures were applied to the CoA-functionalized cantilevers (cohesin, 30 puL) or coverslips
(polyprotein, 90 uL) and reacted for 1 h at room temperature. Cantilevers and coverslips
were rinsed in HEPES buffer, loaded into the AFM, and allowed to settle for at least 30
min before measuring.

AFM assay and analysis. AFM experiments were performed on a Cypher ES (Asylum
Research) in a temperature-controlled closed fluidic cell (7'= 25 °C). The stiffness (k) of
the FIB-modified cantilevers was calibrated using the thermal method (72) far from the
surface while sensitivity was measured by pressing the cantilever into hard contact with
the surface. The cantilevers had an average k£ = 6.5 pN/nm. Force-extension curve

10



acquisition was initiated by pressing the cantilever into the surface at 100 pN for 0-200 ms
depending on the surface polyprotein concentration. This comparatively low indentation
force was enabled by our site-specific, cohesin-dockerin-based coupling between the tip
and the polyprotein. To minimize the compliance of the polyprotein construct, we used
only a single marker domain and short PEG linkers (MW = 600 D), which facilitated
detecting proteins that unfold at low force and low extension [Fig. 2B,C (inset)]. We
retracted the cantilever at 100—3,200 nm/s while digitizing at 50 kHz. We acquired multiple
traces per sample by probing the surface in a raster scan, moving the AFM tip in a grid
pattern with each location separated by 150 nm. Each spot was probed 10 times unless a
molecule was detected, in which case the spot was continually sampled until ~20
consecutive attempts failed to yield a connection. This meant that an individual protein
could be repeatedly probed. We found that both SopE2cp and SptPcp refolded well, and
repeated cycles of unfolding and refolding did not affect the observed unfolding forces (S7
Appendix, Fig. S2). The high-bandwidth records were boxcar averaged to the indicated
bandwidths for analysis and presentation (1-5 kHz). Force was determined by cantilever
deflection accounting for the sensitivity and stiffness of each cantilever. Extension was
calculated from the movement of the sample stage minus the deflection of the cantilever.
The loading rate (pN/s) for each unfolding event in a force—extension curve was calculated
by fitting a line to the force-versus-time curve immediately preceding effector protein
unfolding. For the effector protein unfolding-force analysis, only the first unfolding event
was used when an unfolding intermediate was observed. A small percentage for the force-
extension curves showed atypically high unfolding forces for the initial unfolding of
SptPcp SopE2cp (8 and 2% respectively). These records were excluded from analysis as
they most likely represented rare tip-sample surface adhesion and/or unfolding of a
misfolded protein.
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Fig 1. Thermodynamic stability of Type Ill secretion system (T3SS) effector proteins
SptPcp and SopE2¢p. (A) Schematic depiction of protein transport through the T3SS
showing effector proteins, which are at least partially folded in the bacterial cytoplasm.
Such effector proteins interact with an associated unfoldase to passage through the T3SS,
which has an inner channel with a diameter <2 nm. Once inside the host cytoplasm,
effector proteins refold to carry out their function. (B) Crystal structures of SptPcp (PDB
1G4U) and SopE2¢p (PDB 1R9K). (C) Ellipticity from circular dichroism at A = 222 nm
plotted as a function of urea concentrations for SptPcp (orange) and SopE2¢p (green). A

fit of the data with Equation 1 yielded the free energy of unfolding AG’ . for SptPcp [6.9

1 0.2 kcal/mol (mean # fit error)] and SopE2¢p [6.0 = 0.2 kcal/mol (mean % fit error)]. Data
points are the result of at least 3 independent measurements. Error bars represent
standard deviation
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Fig 2. Mechanical stability of T3SS effector proteins. (A) Schematic of AFM-based force
spectroscopy assay shows the polyprotein construct site-specifically coupled to a PEG-
functionalized glass coverslip. The polyprotein consisted of the protein of interest [SptPcp
(orange) or SopE2¢p (green)] positioned between a well-characterized marker protein
ddFLN4 (grey) and dockerin (black). Cohesin (black) also site-specifically anchored to a
PEG-functionalized AFM cantilever. The cohesin-dockerin interaction is mechanically very
strong (Funtoid > 300 pN @ 600 nm/s) and thus dissociates after all the other proteins have
unfolded. (B, C) Representative force-extension curves at a constant pulling velocity (1600
nm/s) show the unfolding of SptPcp (orange) and SopE2cp (green) followed by the
characteristic double peaked unfolding of ddFLN4 (grey). Segments of the curve were well
described by a worm-like chain model (dashed lines) and correspond to stretching a fixed
amount of unstructured polypeptide. Data smoothed to 5 kHz. (D) Mean unfolding force
(Funfola) plotted as a function of loading rate for SptPcp (orange) and SopE2¢p (green). Data
points represent the averages of at least 20 individual unfolding events. Error bars
represent the standard error of the mean. Analysis of this data with a Bell-Evans model
(dashed lines) yielded the distance to the transition state (Ax*) and the zero-force off-rate.
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Fig. 3. Comparing thermodynamic and mechincal properties of SptPcp and SopE2¢p with
previously characterized reference proteins. (A) Ensemble thermodynamic stability (

AG) ... ) for a series of proteins. Arrows indicate SptPco and SopE2cp and three proteins

that inhibit secretion through the T3SS (GFP, ubiquitin, and DHFR). Reference proteins
were labeled with numbers (see Table 1) and mostly cataloged in ref. (50, 59). Colors
correspond to the secondary structure of the protein, either all a-helical (green), a-helical
and B-sheet (orange), or all B-sheet (purple) as defined by their structural classification of
proteins (SCOP) class. Unfilled bars represent proteins for which Ax* and Funtis has not
been measured and therefore are not plotted in panel B. Dashed line indicates the average

of all values (AG. .= 7.0 kcal/mol). Note that AG! ., for both SptPco and SopE2cp is

within 15% of this average. (B) The distance to the transition state (Ax*) plotted as a
function of mean unfolding force at v = 600 pN/s. Protein numbering and coloring is the
same as in panel A (see Table 1). The three proteins known to inhibit T3SS sectretion are
highlighted. The dashed line is a guide to the eye and represents the Bell-Evans model
(61) for the most probable unfolding force Funtola = (Ax*ks T)'In[rAx*/(koks T)] using a fixed
loading rate (r = 200 pN/s) and zero force off rate (ko = 0.2 s'), that captures the overall
trend for the mechanical properties of diverse proteins rather than the specifics of any
individual protein.
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Table 1. Thermodynamic and mechanical stability of SptPcp and SopE2¢p compared
with reference proteins called out in Fig. 3.

Ax*F

Funfola at 600"

AG’

SCOP

Protein name PDB (nm) nmis (pN) (kcal/mol) class References
SptPco 1G4U 1.5 20.5 6.9 a+B
SopE2cp 1R9K 1.4 17 6.0 alla
Ubiquitin 1UBQ 0.23 227 6.0 a+f (45, 65)
GFP 1GFL  0.28 116 7.3 all B (44, 64)
DHFR:methotrexate”™ 1RG7  0.37 82 5.9 a+p (46, 66)
Spectrin 1AJ3 1.7 32 N/A alla (39)
Cam DomC 1CFC 2 18 6.35 alla (73, 74)
Fe-pfRD 1BRF  0.14 230 N/A all B (75)
1FNIII 10WW  0.17 224 N/A all B (38)
127 1TIT 0.25 217 7.5 all B (76)
Zn-pfRD 1ZRP  0.14 198 N/A all B (75)
127mut 1TIT 0.28 176 N/A all B (59)
Tn 3FNII 1TEN 0.3 160 2.9 all B (77,78)
11 1G1C  0.35 114 N/A all B (38, 79)
13FNIII 1FNH  0.34 98 N/A all B (38)
C2B 1TIX  0.41 97 3.8 all B (80, 81)
10FNIII 1FNF  0.38 81 6.1 all B (38, 82)
TmCspB 1G6P  0.49 80 4.7 all B (59, 83)
C2A 2R83 0.72 55 4.2 all B (80, 81)
ddFLN4 1KSR 0.5 50 N/A all B (84, 85)
Protein G 1PGA 0.17 190 6.0 a+B (86, 87)
Top7 1QYS 0.21 165 13.2 a+B (88, 89)
Protein L 1HZ6  0.22 151 4.7 a+p (90, 91)
AVF3-109 2J6B 0.24 115 7.4 a+f (92)
Barnase 1BNR  0.58 68 10.5 a+p (93, 94)
AcP ZAPS 0.6 53 5.0 a+f (95, 96)
PAS-B 1X00 2 33 9.0 a+p (97, 98)
RNase H 1RNH 2 20 7.4 a+p (35, 99)
ACP (apo) 1ACP N/A N/A 2.8 alla (100)
GCN4 2ZTA N/A N/A 71 alla (101)
cyte 1THRC  N/A N/A 10.3 alla (102)
Lac repressor 1LCD N/A N/A 3.4 alla (103)
Myoglobin 4MBN N/A N/A 14.3 alla (104)
Trp repressor 2WRP  N/A N/A 10.0 alla (105)
Plasminogen K4 1PMK N/A N/A 6.3 all B (106)
Tendamistat 3AIT N/A N/A 9.7 all B (107)

"Extrapolation to unfolding force at 600 nm/s where necessary.
“"DHFR in vivo is likely bound to folate, so a ligand-bound result for DHFR is used to best capture
its mechanical behavior in vivo.
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